A structural and mechanical characterization of pure aluminum and 2124 T6 aluminum alloy reinforced with quasicrystalline phases of composition Al 65 Cu 20 Fe 15 and Al 70.5 Pd 21 Mn 8.5 (%at.) were performed. The quasicrystalline phases were synthesized by arc melting and then milled to produce powder of the alloys, which were then mechanical mixed with the starting powders of aluminum and 2124 aluminum alloy. The composites were produced by hot extrusion of a mechanical mixture containing 20% (%wt.) of the reinforcing phases on the metallic matrix. The structural characterization of the composites was carried out by X-ray diffraction, scanning electron microscopy and transmission electron microscopy. Mechanical characterization was carried out by Vickers hardness measurements and torsion tests at room temperature. The pure aluminum/quasicrystal composite showed the presence of the same phases from the starting powder mixture while for the 2124 aluminum alloy/Al 65 Cu 20 Fe 15 the quasicrystalline phase transformed to the tetragonal ω-Al 7 Cu 2 Fe during the solution heat treatment. Mechanical strength of the composites presented a substantial increase in comparison to the original matrix metal. While the equivalent ultimate tensile strength of the Al/quasicrystal composites reached values up to 215MPa and Vickers hardness up to 60HV, the 2124/quasicrystal composites reached values up to 670MPa and Vickers hardness up to 190HV.
Introduction
Since the discovery of quasicrystals by D. Shechtman 1 many efforts have been made to understand the peculiar structure of these materials as well as their unusual combination of properties. The quasicrystalline structure presents crystallographic properties, which are not present for the crystalline structures, such as five, eight, ten and twelvefold rotational symmetry 2 . So far, there has been a great number of metallic systems that are reported to form quasicrystalline phases such as Al-Cu-Fe 2 , Al-Fe-Cr-TM (TM=Ti,V,Nb,Ta) [3] [4] [5] , Al-Co 6, 7 Al-Cu-Fe-Cr , AlMn 1, 10 , among others. The atomic structure of these materials lead to unusual properties, as for instance, high hardness, brittleness and low thermal and electric conductivity in the case of aluminum-based alloys 11 .
In the Al-Cu-Fe system a great number of intermetallic phases are present around the quasicrystal phase composition, such as λ-Al 13 Fe 4 , Al 3 Fe, ω-Al 7 Cu 2 Fe among others 2 . The quasicrystalline phase in this system presents an icosahedral structure. There is also a cubic solid solution phase called β-AlFe(Cu), which is usually present when an ingot is fabricated within the quasicrystal compositional range 2 . Many of these phases are called approximants of the quasicrystalline phase due to their structure and properties, which are related 12 . In the Al-Pd-Mn system there is also formation of intermetallic phases around the quasicrystalline phases, which can present both the icosahedral and decagonal structures, depending on the chemical composition 13 . Both Al-Cu-Fe and Al-Pd-Mn quasicrystalline phases are thermodynamically stable 2, 14 . The brittleness presented by the quasicrystalline phases does not allow structural application in the bulk form. However, the use of quasicrystalline phase as a reinforcing phase on a ductile matrix can result in high strength alloys with good ductility. There are several studies on the literature about the fabrication of aluminum-based alloys with quasicrystalline reinforcing phases. Rapidly solidified alloys from the Al-Fe-Cr-TM (TM=TI, V, Nb, Ta) system, with right composition, can form quasicrystalline phases embedded in an aluminum matrix 3, 15 and the mechanical properties obtained are outstanding.
Powder metallurgy route can also be used for fabrication of quasicrystal composites, via hot pressing and hot extrusion of a powder mixture of aluminum and the quasicrystalline phase [16] [17] [18] [19] . However, so far, none of the reported work on the literature regarding Al/quasicrystal composites has been done with an aeronautic 2124 aluminum alloy and so the present work aims to show the influence of the quasicrystalline phase on the mechanical properties and on the quasicrystalline phase stability after the solution and aging heat treatment of the 2124 alloy. As a reference, pure Al-based composites reinforced with the same QC phases were also produced.
In both cases, two different quasicrystalline alloys (Al 65 Cu 20 Fe 15 and Al 70.5 Pd 21 Mn 8.5 ) were fabricated and used to produce Al/quasicrystal and 2124Al/quasicrystal composites and so, the influence of the quasicrystalline alloy used on the mechanical properties and on the phase stability of the composite material was studied. The effect of reinforcing particle distribution on the yield strength was also analyzed in terms of the matrix ligament size (λ) (which is a measurement of the average size of matrix regions constrained by the reinforcing phase) as proposed in 20 . Fe 15 alloy was annealed at 700 °C for 3 hours in order to obtain the quasicrystalline phase as there were, as expected, a substantial amount of intermetallic phases which formed during the solidification. The Al 70.5 Pd 21 Mn 8.5 alloy consisted mostly of the quasicrystalline phase and so it was not submitted to an annealing heat treatment. The quasicrystalline powders were then blended in a planetary ball mill for 5 hours with pure aluminum and 2124 aluminum alloy powders. Ball to powder ratio of 10:1 and milling velocity of 600 rpm were used. The proportion of quasicrystalline phase on the blend was 20% in weight. The composites were then compacted by cold pressing and hot extruded at 420 °C with an extrusion ratio of 10:1 resulting in samples with 5 mm diameter. The extrusion conditions were chosen from previous report 19 . The composites fabricated with the 2124 aluminum alloy were submitted to a solution heat treatment at 490 °C for 1 hour followed by an aging heat treatment at 191 °C for 9 hours. The 2124 composites were heat treated in air and quenched in water. The quasicrystalline powders were analyzed by X-ray diffraction (XRD) in a Siemens D5005 X-ray diffractometer using Cu-Kα radiation. The composites were also analyzed by XRD and by scanning and transmission electron microscopy (SEM and TEM) using a Philips XL-30 FEG (SEM) and a TECNAI G2 F20 200kV (TEM). The matrix ligament size (λ) was measured using SEM images from the composites and by drawing 10 random lines on the microstructure of each composite and dividing the length measured by the number of intercepts caused by the presence of the reinforcing particles (N) as it was performed in 20 . Image J software was used to measure the matrix ligament size (λ). The mechanical properties of the extruded composites were evaluated by Vickers hardness using 1kgf and by torsion tests at room temperature. Torsion samples with 10 mm of length and 4 mm of diameter were used. From torsion tests results it was possible to calculate the equivalent tensile stress and elongation using the Von Mises distorted energy theory and so, the ultimate torsion strength and the shear deformation were expressed by means of equivalent ultimate tensile strength and equivalent deformation at rupture. (Figures 2 (a) and 2 (b) ) showed the presence of the original phases included in the starting powders, that is, aluminum fcc and icosahedral quasicrystalline phase. Therefore, no phase transformation took place during the processing steps, which included high-energy ball milling and hot extrusion.
Materials and Methods

Results and Discussion
Figures 3 (a) and (b) show TEM bright field images of the Al/AlCuFe and Al/AlPdMn composites, respectively, and, in the inserts, the selected area electron diffraction patterns (SAEDP) corresponding to the quasicrystalline phases. For both systems, the SAEDP show the five-fold rotational symmetry, confirming the icosahedral symmetry of the quasicrystalline phase, which is surrounded by the aluminum matrix.
Comparison of the XRD patterns from the composites Al/AlCuFe, Figure 2 (a) and 2124/AlCuFe, (Figure 2(c) ), indicates an important phase transformation that occurs after solution/ageing heat treatment. In the case of the 2124 alloy matrix reinforced by the Al-Cu-Fe quasicrystalline phase, the peaks of the icosahedral phase becomes very week and the ω-Al 7 Cu 2 Fe phase can be clearly identified. Also, as expected after aging of aluminum alloys from the 2XXX series the presence of Al 2 Cu is observed. Figure 4 shows TEM bright field image of the 2124/ AlCuFe composite with selected area electron diffraction patterns of two particles from the reinforcing phase (one of them indicated on figure 4 (a) ). The image in Figure 4a indicates that a refined microstructure of precipitates formed at the aging heat treatment and also a good dispersion of the reinforcing particles from the original quasicrystalline phase was obtained. Figures 4 (b) and (c) 12 indicates that the phase ω-Al 7 Cu 2 Fe forms as an intermediate phase between the quasicrystalline phase and the fcc aluminum. Consequently, the tetragonal phase is slightly richer in aluminum than the quasicrystalline phase. This reaction of icosahedral phase transforming into the tetragonal phase takes place during the solution heat treatment applied to the 2124 aluminum alloy. The same phenomena was observed by Ali et al. 18 during heating of an aluminum matrix composite with Al-Cu-Fe quasicrystalline phase, the author observed a phase shift from the icosahedral to the tetragonal phase starting at 482 °C. As the 2124/AlCuFe composite was submitted to solution heat treatment at 490 °C for 1 hour, the phase transformation observed was in fact, expected. This phase transformation (quasicrystal to ω-Al 7 Cu 2 Fe) results in an increase of the reinforcement volume because the ω-Al 7 Cu 2 Fe phase has higher molar volume than the quasicrystalline phase 18 . This leads to a better bonding between matrix and reinforcing particles, which is in favor for the mechanical properties of the composite. The 2124/AlPdMn composite did not show the formation of any additional phase other than the Al 2 Cu. The solubility of manganese in aluminum at this temperature is very limited and there is no solubility of palladium in aluminum 21 . Therefore, the low or none solubility of the quasicrystalline phase constituents in the aluminum matrix, can explain the remaining presence of the quasicrystalline phase on the 2124/ AlPdMn composite, even after the solution heat treatment. Figure 5 (a)-(d) shows SEM micrographs of the composites. It is clear that the 2124 composites show a better dispersion of the reinforcing particles. The greater refinement observed for the reinforcing phases on the 2124 composites is related to the differences in the matrix strengths in pure aluminum and in 2124 alloy (the latter shows higher mechanical strength). A stronger matrix leads to a greater breakdown of the hard reinforcing phases, thus leading to a better dispersion of the second phase. The strengthening effect of the reinforcing particles in metal matrix composites are related basically to load bearing effect due to stress transfer from the matrix to the particles and the nucleation of dislocation lines in the matrix due to the presence of the reinforcement 22 . This last effect is showed in figure 3 (a) where it is possible to see interaction of the smallest particles with dislocations lines.
For composites with large amount of reinforcing particles (≥12% in volume) it has been reported that in addition to the strengthening effects mentioned above, the matrix ligament size (λ) affects substantially the mechanical properties 20 . According to this model, the increase in the yield strength due to the presence of a reinforcing phase is:
where, k is a strengthening constant. The matrix ligament size effect is similar to the strengthening by grain refinement because the matrix/particle interface can prevent dislocation movement 20 . Low values of λ can be achieved with a good dispersion of the reinforcing phase and by reduction of the average particle size. In this sense, reducing the matrix ligament size leads to an increase of yield strength of the material similarly to the effect of grain size reduction predicted by the Hall-Petch relationship 23 . The model proposed in reference 20 does not account for the precipitation hardening effect. In our results, the aging heat treatment leads very fine precipitation within the aluminum matrix, increasing the matrix strength. Thus, since the matrix ligament size (λ) was not affected by the presence of the precipitates, the effect of the reinforcing phase was evaluated in comparison to the 2124, heat treated, base alloy 24 . Table 1 shows the yield strength and the matrix ligament size of the composites. Ali et al. 19 employed eq. (1) for Al/ Al-Cu-Fe composites with the strengthening constant of 200 MPa.μm 1/2 . This value was also used in the present work to . However, the constant "k" used does not represent well the behavior of the Al/AlPdMn and 2124/AlPdMn. The constant "k" used was calculated from results obtained with the AlCuFe reinforcing particles in reference 19 . It would be expected that the value of the constant "k" would change for different reinforcing phases. For example, in reference 20 for Al-Mg intermetallic reinforcing phase, "k" used was 380 MPa.m 1/2 . In this sense, a different value of "k" for the AlPdMn should exist and according to our results, it is lower than 200 MPa.m 1/2 , which was used for the AlCuFe reinforcing phase. Figure 6 shows the equivalent ultimate tensile strength, Vickers hardness and equivalent tensile strain obtained for the composites in torsion tests. The UTS observed for the Al/QC composites reached values up to 215MPa and in the case of 2124 composites values up to 670MPa were obtained. This last result shows an important increase of the UTS of the 2124 composite. The heat treated 2124 alloy, according to 24 , has to present UTS greater than 455 MPa. The composites showed an increase close to 50% of the original alloy, which is already considered a high strength aluminum alloy. The ductility observed is within the specification 24 for the 2124/AlPdMn and slightly lower for the 2124/AlCuFe. High values of Vickers hardness were also observed, being close to 190 HV for the 2124 composites.
Conclusions
Metal matrix composites containing quasicrystalline phases as reinforcements were produced by powder metallurgy route.
Two matrix were used; pure Al and the Al alloy 2124, each of these matrix were reinforced with two different quasicrystalline phases, Al 65 Cu 20 The pure Al matrix composites presented the same phases from the starting powder blend, that is, fcc aluminum and icosahedral quasicrystalline phase.
A phase transformation was observed in the case of the 2124 Al alloy matrix composite reinforced with the AlCuFe quasicrystalline phase. In this case, the QC phase shifted to the tetragonal ω-Al 7 Cu 2 Fe due to aluminum enrichment within the quasicrystal during the solution heat treatment.
The mechanical strength of the composites were superior to the matrix material, especially for the 2124 aluminum alloy composites which showed significant increase on the UTS (455 to 670MPa) and on Vickers hardness in comparison to the base alloy.
